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Abstract

In the Netherlands, more than 80% of the highways are surfaced by porous asphalt (PA) mixes. The benefits of using PA mixes
include, among others, the reduction of noise and the improvement of skid resistance. However, pavements with PA mixes
are known to have a shorter lifetime and higher maintenance costs as compared with traditional dense asphalt mixes.
Raveling is one of the most prominent distresses that occur on PA mix pavements. To analyze the raveling distress of a PA
mix pavement, the stress and strain fields at the component level are required. Computational models based on finite ele-
ment methods (FEM), discrete element methods (DEM), or both, can be used to compute local stress and strain fields.
However, they require the development of large FEM meshes and large-scale computational facilities. As an alternative, the
homogenization technique provides a way to calculate the stress and strain fields at the component level without the need
for much computation power. This study aims to propose a new approach to analyze the raveling distress of a PA mix pave-
ment by using the homogenization technique. To demonstrate the application of the proposed approach, a real field-like
example was presented. In the real field-like example, the Mori—Tanaka model was used as a homogenization technique. The
commonly available pavement analysis tool 3D-MOVE was used to compute the response of the analyzed pavement. In gen-
eral, it was concluded that the homogenization technique could be a reliable and effective way to analyze the raveling distress
of a PA mix pavement.

Porous asphalt (PA) mixture (air voids content >20%)
is often used as a wearing course as it has several advan-
tages. In the Netherlands, more than 80% of the high-
ways are surfaced by PA mixes, primarily because of its
noise-reducing capabilities (/). PA mixes also offer other
benefits such as the improvement of skid resistance, the
reduction of hydroplaning risks, and the reduction in
splashing and spraying during wet weather driving (2).
However, it has been widely reported that the short life-
time and the high maintenance costs are great challenges
for PA mixes (3). The average service life of PA mixes is
estimated to be around 10-12years, which is shorter as
compared with the traditional dense asphalt mixes that
have a service life expectancy of 18 years (4).

The reduction of a PA mix’s lifetime is often associ-
ated with its susceptibility to raveling, which is defined
as the loss of individual aggregates as a result of abrasion
caused by traffic load, weather conditions, or both (4).
After the initial raveling, the damage can progress rap-
idly. Ultimately, raveling can lead to the formation of
potholes, which can significantly reduce the driving
safety of the road (9).

To reduce the probability of raveling, experimental
methods have been developed to characterize the sus-
ceptibility of a given PA mix to raveling. The commonly
used tests include, among others, the Rotating Surface
Abrasion Test (6), Achener Raveling Tester (7), and Skid
Resistance & Smart Raveling-Interface Testing Device
(8). In these tests, the movement of wheels generates
shear forces which introduce the loss of the stones from
the surface of the specimen. The raveling resistance is
indicated by the loss of the specimen’s mass. Although
these tests provide a quick and simple way to compare
the raveling resistance of PA mixes, they do not give any
fundamental insight into the physical mechanisms
related to raveling.
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(a) Cohesive damage  (b) Adhesive damage

Figure |I. Two damage modes of raveling distress.

In recent studies, researchers pointed out that raveling
can be considered as a type of fatigue failure that occurs
within the stone-on-stone contact regions (4). In the
microscale, two types of damage modes can occur: cohe-
sive damage and adhesive damage (4). Cohesive damage
is the failure of the mortar bridges that bond two parti-
cles, whereas adhesive damage is the failure of the
mortar—aggregate interface, see Figure 1. Based on this
raveling mechanism, the problem of analyzing the ravel-
ing distress of a PA mix pavement can be converted to
the problem of analyzing the fatigue characteristics of
the mortar and the mortar—aggregate interface. The sus-
ceptibility of the given mix to raveling can be assessed on
the basis of the information about the predominant dam-
age mode and the number of tire passages required to
cause this damage (fatigue life).

It is known that the fatigue life of a material can be
assessed only when a certain level of stress/strain is given.
Therefore, to analyze the fatigue characteristics of the
mortar and the mortar—aggregate interface of a PA mix,
it is required to understand the component level to cap-
ture the local stress/strain field of each phase. Currently,
the most commonly used method to obtain the local
stress and strain fields at the component level is the com-
putational technique based on finite element methods
(FEM), discrete element methods (DEM), or both (9-
13). In these models, a PA mix is modeled as a heteroge-
neous material with different phases (mortar/mastic,
aggregates, and air voids), and each phase is composed
of a huge number of FEM/DEM clements. Although
FEM/DEM-based models can handle complex composi-
tions and almost realistic mix components, the modeling
of different phases requires large FEM meshes (usually
done by computed tomography scans) and very large-
scale computational facilities (/2). Such extensive compu-
tational tools and facilities are not typically available in
engineering practices.

As an alternative, the homogenization technique can
be used to obtain the stress and strain field of each phase
without the need for much computation power.
Essentially, the homogenization technique provides a

way to derive a relationship between the effective proper-
ties of a heterogeneous material in the macroscale and
the properties of its individual phases in the microscale
(14). Generally, the homogenization technique can be
used in two different ways:

e In a forward way, the properties of each phase in
the microscale can be transferred into the macro-
scale to obtain the effective modulus of a compo-
site. Research endeavors using the
homogenization technique in a forward way are
not new in the pavement community.
Homogenization models, such as Christensen’s
model (15, 16) and micromechanical models based
on Eshelby’s solution (/7) (i.e., the dilute model
[17], the Mori-Tanaka [MT] model [/8], the self-
consistent [SC] model [/9], the generalized self-
consistent [GSC] model [20], the differential model
[21], etc.) have been widely used to predict the
mechanical properties of asphaltic composites
(22-25). The advantage of using homogenization
models is that it eliminates (reduces) the need of
conducting time-consuming laboratory tests
whenever (1) it is required to alter the mix design;
(2) a mix design is prepared using new materials;
(3) it is impossible to obtain samples for testing;
and (4) testing facilities are not available in the
laboratory. Besides, micromechanical modeling
helps understand the fundamental mechanisms
behind the mechanical behavior of asphalt
mixtures.

® In an inverse way, the stress and strain of the com-
posite in the macroscale can be transferred back
to the microscale to obtain the local stress and
strain of each phase. Although many researchers
have realized the advantage of using the homoge-
nization technique in a forward way, little atten-
tion has been paid on the benefits of using this
technique in an inverse way. As highlighted above,
analyzing the local stress/strain directly at the
component level requires very powerful computa-
tional facilities. On the contrary, using the homo-
genization technique in an inverse way, the local
stress/strain of each phase can be obtained from
the stress/strain of the mix. As the stress/strain of
the mix can be analyzed in the macroscale by con-
sidering the mix as a homogenized material, much
less computational power is required.

Taking advantage of the homogenization technique,
this study aims to propose a new approach to analyze the
raveling distress of a PA mix pavement. The application
of the proposed framework is demonstrated with a real
field-like example. The scope of this study includes:
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e introducing the general procedure to analyze the
raveling distress of a PA mix pavement using the
homogenization technique;

e claborating on how each step of the general proce-
dure is implemented in the real field-like example;

e discussing the information relating to raveling dis-
tress that can be obtained from the proposed
approach.

Background Knowledge
Homogenization Theory

Homogenization theory was developed to relate the effec-
tive properties of a mix to the properties of its individual
phases (26). The relationships between the average stress
<O >nix and strain <g>;;, of the mix with the average
stress and strain of each phase are given as:

N

<O>pix = Z¢,<0‘>r (1)
r=1
N

<E>pix = Z b, <g>, (2)
r=1

N
> b =1 (3)

=1

In Equations 1-2, ¢, represents the volume fraction
of phase r. It is obvious that the sum of ¢, is equal to
unity, see Equation 3. <o>, and <g>, denote the aver-
age stress and average strain of phase r, respectively. For
each phase, it is known that <o>, and <g&>, satisfy the
constitutive law, see Equation 4.

<o>,=C,: <g>, (4)

where C, is the stiffness tensor of phase r, which can be
represented as

C, = 3K,I' + 2G,I¢

with IV and I¢ represent the volumetric and deviatoric
parts of a four-order tensor, respectively; and K and G
denote the bulk modulus and the shear modulus,
respectively.

Based on the values of <o>,; and <g>_;,, the
effective stiffness tensor of the mix C,;y is defined as

<O >nix = Chix © <€ nix (5)

To calculate C,,;x, a typically used relationship between
<g>,and <g>; is given as

<g>, = A, <€>nix (6)

where A, is known as the strain localization tensor of
phase r.

By substituting Equations 4-6 into Equation 1, the
value of Cx can be related to the values of ¢,, A,, and
C,, sce Equation 7.

N
Chix = Z d)rcr DA, (7)

r=1

Once the value of C.; is known, the values of
<o>nix and <&>,; can be calculated under a given
loading condition. After that, the value of <g&>, can be
obtained by using Equation 6, which further allows the
calculation of <o >, by using Equation 4.

Mori—Tanaka Model

In this study, the MT model was used to homogenize the
PA mix. This model was preferred over other models
according to the findings of the previous research work
by the authors (27), in which different models were com-
pared for predicting the modulus of PA mixes on the
basis of the properties of mastic, aggregates, and air
voids. It was found that the predicted moduli using the
SC model did not show frequency dependency, and these
values were much higher than the experimental results.
When the GSC model, which was developed for a two-
phase composite, was used to predict the modulus of a
PA mix consisting of three phases, the predicted results
were sensitive to the order of adding the inclusions.

The differential model (or the differential scheme) per-
formed better than all the other models. However, as the
concept of this model is to add inclusions into the matrix
step by step, it is difficult to find a logical method to cal-
culate the stress and strain of each phase by using this
model in an inverse way. Therefore, the MT model,
which provided better predictions and can be used in an
inverse way to compute the stress and strain of each
phase, was used in this study.

Brief Description of the MT Model

In the MT model, a composite is described as inclusions
embedded into a medium that has the same properties as
the matrix, see Figure 2. A PA mix was considered as a
three-phase composite of mortar, coarse aggregates, and
air voids. The mortar phase was considered as the matrix,
and the aggregates phase and the air voids phase were
considered as inclusions.

According to the Eshelby’s solution (/7), when an
inclusion (the aggregate phase or the air voids phase) is
embedded into an infinite medium which has the same
properties of the matrix, the relationship between the
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Matrix=mortar phase

Inclusion=aggregate
phase or air voids phase

Figure 2. lllustration of a composite in the Mori—Tanaka (MT)
model.

strain of the inclusion and the strain of the matrix is given
as:

1

<8>void = [I + Smor : (Cmor)71 : (_ Cmor)]_ : <£>mor (8)
<£>agg = [I + Shor : (Cmor)_l : (Cagg - Cmor)] - : <8>mor
9)

EX I3

where the subscripts “mor,” “void,” and “agg” denote
the mortar phase, the air voids phase, and the coarse
aggregates phase, respectively; I is the fourth-order iden-
tity tensor; S, is known as the Eshelby’s tensor (/7).
Substituting Equations 8 and 9 into Equation 2, the fol-
lowing equation can be obtained:

<s>m0r =

¢m0rl + d)void [I + Sior : (Cmor)*l . ( _ Cmor)}71 -1 < >
FA\E mix

* d)agg [I + Smor (Cmor)_l 2 (Cagg — Cmor)}71
(10)

According to the definition of A, in Equation 6, the value
of Ao can be directly obtained as:

Amor =

_ -1
(bmorI + d)void [I + Smor : (Cmor) ! : (— Cmor)}
- -1
+ d)agg [I + Smor : (Cmor) ! : (Cagg - Cmor)]

-1

(11)

The value of A,.iq and A, can be obtained by substitut-
ing Equation 10 into Equations 8 and 9, respectively.

_ -1
Avoid = [l + Smor : (Cinor) " (— Cmor)] : Amor (12)

_ -1
Aagg = [I + Shor : (Cmor) ! : (Cagg - Cmor)] : Amor
(13)

In Equations 11-13, the value of S, for calculating
Arors Avoid> and A, is related to not only the mechani-
cal properties of the matrix but also the geometric prop-
erties of the inclusions. Until now, for all the
micromechanical models, analytical solutions for S,
are available only for ellipsoidal and spherical inclu-
sion particles. The limitation of this assumption is that
the angularity and the textures of the particles are
ignored and thus their effects on the predicted modulus
cannot be captured. However, according to previous
studies (23, 25, 28), micromechanical models with the
assumption of spherical particles can work well at
lower temperatures. Considering that the analysis tem-
perature in this study was relatively low (20°C), it was
expected that assuming the particles as spheres did not
significantly affect the accuracy of the predictions.
Therefore, the inclusion particles were assumed as
spheres in this study.

By considering all the phases as isotropic and the
inclusions as spheres, the value of S,,,; is given as

3Kinor
Smor = > I' +

3Kmor + 4Gmor

6(Kvmor + 2Gm0r)
5(3Kmor + 4Gmor)

I (14)

By substituting Equations 11-14 into Equation 7, the
value of C,,;, for a PA mix can be given as

Cix = 3KmixI' + 2GmiI® (15)
with
Kumix = Kmor +
i &,(K+ — Kimor) 3Kmor + 4Gimor)
=2 o (3K, + 4Gimor) + iz p (e
(16)
Gumix = Gmor +
i 5¢,Ginor(Gr — Gmor) 3Kmor + 4Gimor)
r=2 PporBr + 23: b, SGnmr(3Km1;S+ 4Gmor) By (17)
s=2

Br = SGmor(3Kmor + 4Gmor)
+ 6(I(mor + 2Gmor)(Gr - Gmor)

where the subscripts “2” and “3” represent the aggregate
phase and the air voids phase, respectively.

It is noted that although all the micromechanical
models were initially developed for elastic materials, they
can be used for viscoelastic materials by replacing the
elastic moduli with the complex moduli according to
commonly adopted -elastic—viscoelastic corresponding
principle (29).
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g =A, ¢

mix
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‘mix

Figure 3. Homogenization technique.

Proposed Methodology

General Procedure

By means of the homogenization technique, the raveling
distress of a PA mix pavement can be analyzed in the fol-
lowing three steps (see Figure 3):

e Step 1. effective modulus calculation. The effective
modulus of the mix from the properties of its indi-
vidual phases is determined by using homogeniza-
tion models in a forward way. In this step, it is of
vital importance to ensure the selection of a suit-
able model that can accurately predict the modu-
lus of the mix. The accurate modulus is required
for the accurate calculation of the response of the
pavement system. Moreover, the ability of the
model to accurately predict the modulus of the
mix supports the reliability and validity of the pre-
dicted stress and strain fields of each phase.

e Step 2: pavement response analysis. Based on the
obtained effective modulus, the stress/strain fields
of the mix (as a homogenized material) are calcu-
lated on top of a pavement structure. The calcula-
tion is carried out by means of any available
pavement analysis tool, which can be analytical
methods such as EISYMS5 and 3D-MOVE (30, 31)
or numerical methods such as FEM and DEM.
Based on the calculated results, the critical loca-
tions and critical times where and when raveling is
most probable to occur are determined. The criti-
cal locations are identified as the positions where
the stress/strain of the mix that relates to raveling
(i.e., tensile stress, shear stress, etc.) is the highest.
When a wheel passes the critical locations, the

times when this stress/strain is the highest are
identified as the critical times.

e Step 3: individual phases’ stress/strain field calcula-
tion. Based on the stress/strain fields of the mix at
critical locations and critical times, the homogeni-
zation technique is used in an inverse way to com-
pute the stress/strain fields in individual phases.
Under these stresses/strains loading conditions,
the fatigue characteristics of the mortar (cohesive
damage) and the mortar—aggregate interface
(adhesive damage) are measured from laboratory
tests. By comparing the fatigue life of the mortar
and the mortar—aggregate interface, the predomi-
nant damage mode and the corresponding number
of tire passages that result in raveling can be
determined.

A Real Field-Like Example for Demonstration

To demonstrate the application of the proposed
approach, a real field-like example is presented in this
section. The properties of each phase (mortar, aggre-
gates, and air voids) of a PA mix are given in the later
section “Properties of each Phase in the PA Mix”. The
pavement structure (32) consists of five layers: 1) the PA
mix layer; 2) a representative asphalt concrete (AC) layer
which is equivalent to all asphalt layers beneath the PA
mix layer; 3) a mixed granular aggregates base layer; 4) a
sand subbase layer; and 5) a subgrade layer. The detailed
properties of each layer and the loading condition are
presented in the later section “Characteristics of the
Pavement Structure.”

The detailed procedure used in the field-like example
is given in the following paragraphs. For the ease of
readability, the whole procedure is summarized in Figure
4. Tt is noted that the laboratory equipment, the test
methods, the homogenization model, and the pavement
analysis tool used in the field-like example could be
altered depending on the availability and the desired
accuracy. In any case, the proposed framework, as
shown in Figure 4, more or less remains the same.

e Step 1: effective modulus calculation. The shear
modulus of mortar was measured from frequency
sweep tests by using a dynamic shear rheology
(DSR) device. The Poisson’s ratio of mortar, the
shear modulus, and the Poisson’s ratio of aggre-
gates were assumed from the literature. The MT
model was used to predict the modulus of the mix.
Previous studies (22-25) have shown that at lower
temperatures, micromechanical models have the
ability to predict the modulus of asphalt mixtures.
However, most of these studies used dense asphalt
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Prepare stone-binder-stone . Prepare PA mix
. Prepare mortar specimens .
specimens specimens
Fatigue test for Fatigue test for Frequency sweep Uniaxial cyclic test
measuring adhesive measuring cohesive test for measuring for measuring —
fatigue life fatigue life shear modulus Young’s modulus

v

Assumed frequency-dependent Poisson’s ratio of mortar,
assumed Poisson’s ratio and shear modulus of aggregates

¢ For

validation

Predict the stiffness of a PA mix by using the MT model and
validate the predictions based on experimental results

.

Compute the stress and strain of the mix located on top of a
pavement structure by using 3D-MOVE software

!

Use the maximum shear stress of the mix to determine the
critical location(s) and critical time(s)

v

Calculate the stress and strain of the aggregate phase and the
mortar phase by using the MT model in an inverse way

v

Calculate the maximum shear stress in the aggregate phase, in
the mortar phase and at the interface

.

Determine the fatigue life of the mortar and the interface based
on the fatigue tests

Figure 4. Detailed procedures used in the real field-like example.
Note: PA = porous asphalt; MT = Mori-Tanaka.

mixtures for the evaluation, and thus their obser-
vations cannot be directly used for PA mixes.
Therefore, laboratory tests were conducted in this
study to validate the ability of the MT model in
predicting the modulus of PA mixes. It is noted
that depending on the mix’s components, other
homogenization models that are more suitable for
the prediction of the effective modulus could eas-
ily replace the MT model in the framework (see
Figure 4).

Step 2: pavement response analysis. The 3D-
MOVE software (30, 31, 33) was used in the field-
like example to compute the stress and strain
response of the pavement. According to research
(13), raveling can occur in the tensile mode or the
shear mode. In this field-like example, raveling
was assumed as a failure resulting from shear
stresses. Therefore, the shear stress of the mix was
used to determine the critical location(s) and

critical time(s). Several locations where the highest
value of the shear stress was possible to occur
were selected and compared. As raveling is a
surface-related phenomenon (/3), these locations
were chosen on the top of the PA mix layer in the
vertical (z) direction (z = 0). In the transverse (y)
direction, four different locations, that is, a loca-
tion outside the tire—pavement contact area, the
edge of the tire—pavement contact area, the center
of the tire-pavement contact area, and the middle
point between the edge and the center, were
selected. The values of the maximum shear stress
Tmax_mix at these locations were compared. The
location at which the highest value of Tmax mix
occurred was identified as the critical location. At
the critical location, the time when the value of
Tmax_mix Was the highest was identified as the criti-
cal time. It is noted at a certain location, shear
stress can be different depending on the direction
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Table I. Aggregates Gradation in Porous Asphalt Mix and Mortar

Aggregates gradation in porous asphalt mix

Size (mm) 16 1.2 8 5.6 2 0.5 0.18 0.125 0.063 Filler
Gradation (% ?assing) 98 77 44 22 15 14 9 6 4 0
Density (kg/m?) 2686 2686 2678 2670 2673 2658 2658 2658 2658 2638
Fine aggregates gradation in mortar

Size (mm) 0.5 0.18 0.125 0.063 Filler
Gradation (% passing) 100 62 39 29 0

of the stress plane, and Tmax mix Was identified as
the maximum value of the shear stress at this
location.

e Step 3: individual phases’ stress/strain field calcula-
tion. The strains of the aggregate phase <&>,,,
and the mortar phase <g>., were computed
from the values of <g>_;, at the critical loca-
tion(s) and time(s), see Equations 8-10. The
obtained values of <g&>,,, and <g>,,, were fur-
ther used to calculate the stresses of these phases
(<0>,4 and <o >,,,,), see Equation 4. By using
<O>,4 and <O >y, the maximum shear stres-
ses of the aggregates phase Tpax_age and the mortar
phase Tmax mor Were computed, respectively. To
compute the maximum shear stress of the interface
Tmax_int» @ simple assumption that the Tmax age
plane and the Tiax mor plane were parallel to each
other was made in Equation 18. It is noted here
other equations for calculating Tpax ine could be
used depending on the need. Under the loading
conditions of Trax mor aNd Tmax it the fatigue life
of the mortar (N,,,,) and the interface (Nj,) were
determined based on the fatigue tests in the
laboratory. By comparing N, and N, the sus-
ceptibility of the PA mix to raveling was discussed.

(18)

Tmax_int — Tmax_agg — Tmax_mor

It is highlighted that although the tensile mode ravel-
ing may be more predominant than the shear mode ravel-
ing (13), it does not make a significant difference to use
the shear mode or the tensile mode to demonstrate the
proposed approach. The procedure analyzing the tensile
mode raveling is similar to that used for the shear mode
except that:

e For the tensile mode raveling, in step 2, the critical
times and critical locations are determined on the
basis of the maximum tensile stress of the mix.

e In step 3, after the stress and strain of each phase
(<€>400 <€ mor, <0440, and <o>p,,,) are
obtained, the maximum tensile stresses or strains

of the mortar and the mortar—aggregate interface
need to be calculated. These tensile stresses or
strains are further used to determine the fatigue
life of mortar and mortar—aggregate.

Preparation of Specimens and Test
Methods

Preparation of Specimens

Preparation of PA Mix Specimens. PA mix specimens were
prepared and tested to validate the predicted modulus from
the MT model. The aggregates gradation and the density
of each size are shown in Table 1. The aggregates consisted
of crushed Norwegian BESTONE aggregates (2—16 mm)
and crushed sand (0-2mm), which were obtained from
BAM Construction Company. The filler was Wigro 60K
filler (25%—35% lime), produced by Ankerpoort NV.

The asphalt binder, provided by Q8/Kuwait
Petroleum B.V., had a penetration grade of 70/100. The
content of the asphalt binder was 4.3% in relation to the
total weight of the specimen. The density of the asphalt
binder was assumed to be 1.03 kg/m’. The value of byoid
was designed as 20%.

The specimens were prepared according to the
AASHTO standard (34). Initial specimens, with a dia-
meter of 150mm and a height of 170 mm, were com-
pacted by using a gyratory compactor. These specimens
were further cored and cut to obtain the testing speci-
mens with a diameter of 100 mm and a height of 150 mm.

Preparation of Mortar Specimens. Mortar specimens were
prepared for testing Gy, and the cohesive fatigue perfor-
mance. In this study, the mortar was considered to con-
sist of all the contents of asphalt binder, filler, and fine
aggregates (<0.5mm) in the mixture. In a PA mix of
100 g, as the asphalt binder content was 4.3%, the mass
of asphalt binder was 4.3 g. From the aggregate grada-
tion in Table 1, the total mass of filler and fine aggre-
gates (<0.5mm) was computed as 100 X (1%-—
4.3%) X 14% = 13.4g. Thus, the content of asphalt
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20 mm

6 mm

(a) Size of mortar
specimens

(b) Clamping
system

(c) Specially designed

(d) Stone-binder-stone

mold Specimen

Figure 5. Preparation of mortar specimens.

binder in the mortar was 4.3 g/(13.4 + 4.3)g = 24%. The
fine aggregates gradation in the mortar was calculated
by normalizing the proportions of fine aggregates in the
mix with respect to the maximum sieve in the mortar, see
Table 1.

The size of the mortar specimens was 6 mm in diameter
and 12mm in height, see Figure 5a. Steel rings with a
thickness of 1 mm and a height of 4 mm were attached at
the ends. A clamping system was mounted to a DSR
device to hold the specimens via the rings, see Figure 5b. A
special mold was used to make these specimens, see Figure
5c¢. The hand-mixed mortar materials were slowly poured
into the preheated mold (at 160°C for 30 min) to prevent
the formation of air voids. Then, the filled mold was
placed back in the oven at 160°C for 10 min to remove air
bubbles in the mortar. After cooling down the mold for
10 min at room temperature and around 24 h in the free-
zer, the specimens were removed from the mold.

It is highlighted here that the mortar materials in this
study can smoothly flow like a liquid at high temperatures,
and thus no compaction effort was performed during the
fabrication. This behavior may be different from the obser-
vation in other studies (35) that mortar had a solid-like
behavior and thus can be compacted. However, the prop-
erties of mortar are highly dependent on its composition
and the properties of each component. To date, there is no
widely accepted method to determine the composition of
the mortar material (i.e., the maximum aggregate size, the
aggregate gradation, the asphalt binder content, the air
voids content, etc.) in a mixture (36). According to the
mortar’s definition used in this study, the binder content
was much higher than the values used in other studies (35,
36); therefore, it is reasonable that the mortar in this study
was more viscous. Moreover, this viscous behavior was
obtained by other researchers as well (37).

Preparation of Stone—Binder—Stone Specimens. According to
the previous research work at Delft University of
Technology (38), the adhesive fatigue property was
tested by using stone—binder—stone specimens. Each spe-
cimen with a thin asphalt binder layer of approximate
100 wm was sandwiched between two stone columns of
10.9mm in diameter and 15mm in height (39), see
Figure 5d. The stone columns were obtained by cutting,
sandblasting, and coring raw stones.

The same clamping system as the mortar column was
used to hold the ends of the stone columns. After the
stone columns were mounted and centered, the gap
between these two columns was set to be zero. This was
achieved by moving the DSR drive shaft down to a posi-
tion where there was just no contact force between two
column surfaces. The stone columns were kept at a tem-
perature of 140°C for 10min, and then one droplet of
asphalt binder was placed on top of the bottom stone.
The gap was set to 100 wm at a lower temperature of
around 30°C to avoid the effect of the shrinking of
asphalt binder on the interface’s properties during the
decrease of temperature.

Test Methods

Uniaxial Cyclic Test. The dynamic Young’s modulus of the
specimens E,,;; was measured from the uniaxial cyclic
test. Forces with small amplitudes in tension—
compression mode were subjected to PA mix specimens
to measure the linear viscoelastic properties of the mix.
The displacements were measured by using three linear
variable differential transformers. The testing frequencies
were 20 Hz, 10Hz, 5Hz, 1 Hz, 0.5Hz, and 0.1 Hz at three
different temperatures of —10°C, 4°C, and 21°C.
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Table 2. Properties of Mortar

Shear modulus (MPa)

Temperature (°C) 20Hz 7.6 Hz 29Hz I.I Hz 0.4Hz 0.16 Hz 0.1 Hz
-10 2821.9 2635.4 2429.1 2206.7 1973.4 1730.9 1618.3

4 1518.0 1281.2 1050.6 833.0 634.3 460.4 384.1

21 391.0 256.1 157.7 9I.1 49.7 25.8 18.3
Poisson’s ratio

Temperature (°C) 20Hz 7.6Hz 29Hz .1 Hz 0.4Hz 0.16 Hz 0.1 Hz
-10 0.362 0.363 0.363 0.364 0.365 0.366 0.367
4 0.366 0.368 0.371 0.375 0.380 0.386 0.390
21 0.390 0.399 0411 0.423 0.437 0.451 0.457

Damage at the interface

Figure 6. Adhesive failure.

Frequency Sweep Test. Frequency sweep tests on DSR were
conducted to measure the value of Gy, The testing fre-
quency ranged from 20 Hz to 0.1 Hz, and the testing tem-
peratures were —10°C, 4°C, and 21°C. Small strains with
constant amplitudes were applied to ensure the linear vis-
coelastic response of the specimens. From low to high
temperatures, the amplitudes were 0.1%, 0.5%, and 1%,
respectively.

Fatigue Test. The fatigue tests were performed on mortar
and stone—binder—stone specimens to measure the proper-
ties of cohesive failure and adhesive failure, respectively.
The tests were conducted in stress-controlled mode by
using DSR at 20°C. The failure point was defined as the
moment when the shear modulus showed a sudden drop.
During the fatigue tests of the stone—binder—stone speci-
mens, damage can happen both in the binder and at the
binder—stone interface. Only when the damage happened
mainly at the interface was it considered as an adhesive
failure, see Figure 6. Each specimen was virtually checked
after the test to confirm the adhesive failure.

At each stress level, at least three replicates were used
to determine fatigue life. It is highlighted here that for the

adhesive fatigue tests, three replicates mean three stone—
binder-stone specimens with adhesive failures. As
explained above, as damage can occur both in the binder
and at the interface, the fatigue life of different stone—
binder—stone specimens varied with each other. However,
the fatigue life of the specimens with the adhesive failure
(damage happened mainly at the binder—stone interface)
did not vary significantly.

Properties of Each Phase in the PA Mix

The volumetric and mechanical properties of each phase
in the PA mix are required for predicting the modulus of
the mix. Based on the designed value of &,;y, the aggre-
gate gradation, and the density of each size of aggregates
(see Table 1), the values of ¢, and ,,, were calculated
as 19.5% and 60.5%, respectively. The mechanical prop-
erties of mortar and aggregates are presented as follows.

Mortar

The measured results of G, at different temperatures
and frequencies are presented in Table 2. It can be seen
that the value of G, decreases with the decrease of fre-
quency and the increase of temperature, as observed by
many other studies (25). Because of the limitation of the
testing device, it is difficult to accurately measure the
Poisson’s ratio of mortar v,,,,. Therefore, based on the
literature (40, 41), it was assumed that the value of v,
was frequency and temperature dependent. It varied from
0.35 at higher frequencies/lower temperatures to 0.5 at
lower frequencies/higher temperatures, see Table 2 (42).

Aggregates

According to the literature (24, 42), the shear modulus
G,.ee and the Poisson’s ratio v,,, of aggregates were
assumed to be constants of 20.8GPa and 0.27,
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Table 3. Properties of Each Layer

Basic properties of each layer

Properties PA mix layer AC layer Base layer Subbase layer Subgrade layer
Thickness (m) 0.05 0.20 0.30 0.50 Infinite
Poisson’s ratio 0.35 0.35 0.3 0.3 0.3
Young’s modulus (MPa) na na 250 100 100
Damping ratio (%) 7 7 5 5 5
Unit weight (kN/m>) 20 24 19 16 18
Young’s modulus of the AC layer (MPa)
Temperature (°C) 0.1 Hz 0.5Hz | Hz 5Hz I0Hz 20Hz
-10 14073.6 15774.1 16684.8 19006.2 20251.0 23507.7
4 5062.9 7030.0 77054 10595.4 11820.9 12700.4
21 991.7 2192.8 29322 5623.8 72282 8793.8
Note: PA = porous asphalt; AC = asphalt concrete; na = not applicable.
respectively. Based on the values of G and v, the value of
K was calculated by using the following equation: 100000
_ ZG(I + V) o0 .;.H/k-u = -10°C_tested
k= 3(1 —2v) (19) £ 1000 -10°C_predicted
§ m 4°C tested
E 100 4°C_predicted

Characteristics of the Pavement System

As mentioned earlier, the pavement in the field-like
example was a five-layer system. The PA mix layer and
the AC layer were considered as linear viscoelastic mate-
rials, and the analysis temperature was 20°C. The base
layer, the subbase layer, and the subgrade layer were
assumed to be linear elastic. The properties of each layer
are shown in Table 3. The thickness of each layer was
determined based on typical thicknesses used in provin-
cial carriage roads in the Netherlands (32). The Poisson’s
ratio of each layer was assumed to be constant, as fol-
lowed by other researchers (4, 37). The value of E,;, for
the PA mix layer was predicted from the properties of
mortar and coarse aggregates by using the MT model.
The Young’s modulus of the representative AC layer at
different temperatures and frequencies was given in
Table 3. The damping ratios were assumed according to
the literature (43, 44). The unit weights of the PA mix
layer and the AC layer were obtained from the bulk den-
sities of the mixes. For other layers, the unit weights were
assumed as commonly used values.

The loading condition was imposed by a single rolling
wheel passing over the pavement. According to the
Dutch design method (45), the circular tire load of the
wheel was designed as 35kN with a tire—pavement con-
tact pressure of 750kPa and a tire—pavement contact
radius of 0.122 m. The wheel moved at a speed of 50 km/

m 21°C_tested

10 21°C_predicted

1
0.1 1 10 100

Frequency (Hz)

Figure 7. Comparison between the predicted and the tested
values of E, i

h. The rolling friction coefficient was assumed to be 0.02
based on the work of researchers (46). The braking fric-
tion coefficient was not considered as there is no braking
case included in this analysis.

It is noted that as this study aimed at demonstrating
the use of the homogenization technique, a simple tire—
pavement contact was assumed. However, the geometry
of the tire—pavement contact area and the stress distribu-
tion are affected by many factors, such as the type of the
tire, the surface properties of the pavement, and so forth
(47). The properties of the real tire—pavement contact
may be different from the assumption used in this field-
like example. As the pavement responses heavily depend
on the properties of the tire—pavement contacts, the anal-
ysis results of raveling distress can be different with dif-
ferent contact properties. Therefore, in future studies,
more accurate tire—pavement contacts are required.
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Tmax;mix (KPa)

-0.1 -0.05 0 0.05 0.1 0.15
Location in the y direction (m)

(a) Values of tmax_mix at different locations

120

80

40

Tonax_mix (KP2)

tc

0.1 0.15 0.2 0.25 0.3 0.35 0.4
Time (s)

(b) Values of Tmax_mix at different times

& (1)

2 \ 0.4 0.5
-20 Loading period
Time (s)

(c) Values of exx at different times

Figure 8. (a) Values of T,,x_mix at different locations; (b) values
of Trmax_mix at different times; (c) values of &, at different times.

Results and Discussions
Predicted Results of Eix

The predicted values of E,,;x were calculated from Gpix
and Kix by using Equation 20. From Figure 7, it can be
seen that the predicted values of E,,;x match well with the

Table 4. Values of Principle Strains and Stresses

Mortar
phase

Aggregates

Materials PA mix phase

Principle strain | () 63.25 98.21 2.8l
Principle strain 2 (j.€) —48.09 -101.85 -2.52
Principle strain 3 (j.g) 36.81 50.7 1.54
Principle stress | (MPa) na 0.096 0.161
Principle stress 2 (MPa) na —0.004 —0.06
Principle stress 3 (MPa) na 0.072 0.109

Note: PA = porous asphalt; na = not applicable.

tested results. This indicates that at lower temperatures,
the MT model has the ability to predict the modulus of
PA mixes from the properties of mortar, aggregates, and
air voids. Therefore, in future research studies, without
doing laboratory tests, it is possible to directly obtain the
modulus of PA mixes using micromechanical models.
Furthermore, as mentioned earlier, the accuracy of the
predicted modulus also supports the reliability and valid-
ity of the following predicted stress and strain fields of
each phase.

9KG

E=_——"_
3K+ G

(20)

Critical Location and Critical Time

The calculated values of T« mix at different locations in
the y-direction, that is, y = —-0.06 m (a location outside
the tire—pavement contact area), y = 0 (the edge of the
tire—-pavement contact area), y = 0.06m (the middle
point between the edge and the center), and y = 0.122m
(the center of the tire—pavement contact area), are shown
in Figure 8a. It can be seen that at the edge of the tire—
pavement contact area, the value of Tpax mix is the maxi-
mum. Therefore, the critical location was chosen as the
edge of the tire—pavement contact area. At the critical
location, the change of Ty,.x mix With time ¢ is shown in
Figure 8b. Peak values of Tmax mix occurred when the
wheel approached and moved away from the observation
plane. Because of the effect of the tire—pavement friction,
the peak value when the wheel moved away from the
observation plane was slightly higher than the other.
Therefore, f. was chosen as the time when the second
peak occurred: 7. = 0.255s.

Calculated Stress and Strain of Each Phase

At the critical location and the critical time, the values of
< &> ix In principle directions are shown in Table 4. An
equivalent loading frequency of the moving load was
determined based on the strain in the longitude direction
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In conclusion, based on the above discussions, the fol-

LOE+10 lowing information was obtained:

Mortar
1.0E+8 Interface ® Raveling was supposed to initially occur at the
3 edges of the circular tire—pavement contact arca
Z  10E+6 (critical locations).
§ e At the critical locations, raveling was supposed to
é 1.0E+4 occur in a cohesive damage mode. The mortar
2 bridge that bonds aggregates together was sup-
1.0E+2 posed to break, which resulted in the separation
of the aggregates from the pavement surface.
1'0E+% 001 0.01 o1 | 10 e Based on the measured fatigue life of the mortar
' ' ' bridge, raveling was supposed to occur after the
Shear stress (MPa) wheel passed by for 2.4E + 5 times.

Figure 9. Fatigue life of cohesive and adhesive damage at 20°C.

€xx» See Figure 8¢ (48). The loading period was consid-
ered as the time range between the two lowest peaks
from 0.17s to 0.32s. Thus, the loading frequency was
calculated as 7Hz. Based on the mortar properties in
Table 2, the values of v, and G, at the frequency of
7Hz and the temperature of 20°C were obtained as 0.4
and 250 MPa, respectively. The value of K, was calcu-
lated as 1167 MPa.

The calculated results of <&>p0r, <E>450, <O >mor,
and <o>,,, are shown in Table 4. It can be seen that in
comparison with the aggregates phase, the strains in the
mortar phase are higher, whereas its stresses are lower.
This is associated with the much lower modulus of the
mortar than that of the aggregates.

Predicted Fatigue Life of the Mortar and the Interface

The calculated results of Tmax age, Tmax_mors A0 Tmax_int
are 0.111 MPa, 0.050 MPa, and 0.061 MPa, respectively.
Because of the significant difference of 7.« between the
mortar and the aggregates, the value of Tpax_ine 1S higher
than Tmax_mor by 18%.

The measured fatigue life curves of the mortar and
the interface at 20°C are shown in Figure 9. It is
observed that under the same loading condition, the
fatigue life of the mortar is lower than the fatigue life
of the interface. This is because at a relatively high tem-
perature, the mortar is soft, and thus it is susceptible to
fatigue damage. As the soft mortar forms a strong
bonding with the aggregates, the fatigue resistance of
the interface is high. Under the loading condition of
Tmaxs NVmor and Nj,; were obtained as 2.4E + 5 cycles
and 6.8E + 7 cycles, respectively. This indicates that at
20°C, the PA mix is more susceptible to the cohesive
failure, which is in line with the findings from previous
studies that the cohesive failure is predominant at high
temperatures (4, 49).

It is noted that the above conclusion is just for the field-
like example where a specific tire load, a specific pavement
system, and a specific analysis temperature were prede-
fined. For other cases, the analysis results should be differ-
ent, but the basic information relating to the raveling
distress, that is, the location where raveling occurs, the pre-
dominant damage mode, and the number of tire passages
which result in raveling, can always be given by means of
the proposed homogenization technique.

Conclusion

This paper proposed an approach to analyze the raveling
distress of a given PA mix pavement by using the homo-
genization technique. To demonstrate the application of
the proposed approach, a real field-like example was pre-
sented. Based on the obtained results, the following con-
clusions can be drawn:

e Raveling can be considered as a type of fatigue
failure that occurs within the stone-on-stone con-
tact regions. The problem of analyzing the ravel-
ing distress of a PA mix pavement can be
converted to the problem of analyzing the fatigue
characteristics of the mortar and the mortar—
aggregate interface.

e The homogenization technique provides a way to
derive a relationship between the effective proper-
ties of a heterogeneous material in the macroscale
and the properties of its individual phases in the
microscale. Taking advantage of the homogeniza-
tion technique, raveling distress can be analyzed in
different scales. In the macroscale, by considering
PA mixes as a homogenized material, the average
stress and strain of the mix can be easily com-
puted. After that, the homogenization technique
can be used to transfer the average stress and
strain of the mix back to the microscale to obtain
the local stress and strain of each phase.
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¢ The proposed homogenization technique can pro-
vide the basic information relating to the raveling
distress, that is, the location where raveling occurs,
the predominant damage mode, and the number
of tire passages which result in raveling.

e In the real field-like example, simple frequency
sweep tests of mortar were performed by using the
DSR device which is available in most of the pave-
ment research organizations. In comparison with
FEM/DEM models, the used homogenization
model is much easier to solve, and the free avail-
able pavement analysis tool is much less time-con-
suming. Despite these simplicities, reasonable
predictions have been obtained.

Future Work

This paper demonstrated the proposed approach by
using only one case. Other cases, that is, different proper-
ties of each phase, different pavement structures, differ-
ent loading conditions, different analysis temperatures,
and so forth, will be investigated in future research. This
investigation will be of great importance to further vali-
date the proposed method. Moreover, it will also be ben-
eficial to obtain a better insight into raveling and to
optimize the design of PA mixes and the pavement.
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